) is a key regulator of angiogenesis that exerts context-dependent effects on ECs. ANG-2 binds the endothelial-specific receptor tyrosine kinase 2 (TIE2) and acts as a negative regulator of ANG-1/TIE2 signaling during angiogenesis, thereby controlling the responsiveness of ECs to exogenous cytokines. Recent data from tumors indicate that under certain conditions ANG-2 can also promote angiogenesis. However, the molecular mechanisms of dual ANG-2 functions are poorly understood. Here, we identify a model for the opposing roles of ANG-2 in angiogenesis. We found that angiogenesisactivated endothelium harbored a subpopulation of TIE2-negative ECs (TIE2 lo ). TIE2 expression was downregulated in angiogenic ECs, which abundantly expressed several integrins. ANG-2 bound to these integrins in TIE2 lo ECs, subsequently inducing, in a TIE2-independent manner, phosphorylation of the integrin adaptor protein FAK, resulting in RAC1 activation, migration, and sprouting angiogenesis. Correspondingly, in vivo ANG-2 blockade interfered with integrin signaling and inhibited FAK phosphorylation and sprouting angiogenesis of TIE2 lo ECs. These data establish a contextual model whereby differential TIE2 and integrin expression, binding, and activation control the role of ANG-2 in angiogenesis. The results of this study have immediate translational implications for the therapeutic exploitation of angiopoietin signaling.
Introduction
The growth of new blood vessels (angiogenesis) follows a coordinated genetic program of vascular sprouting, vessel assembly, and organotypic maturation. The VEGF/VEGF receptor and the Notch/Notch ligand pathways control early steps of the angiogenic cascade related to invasive capillary sprouting. A plethora of neurovascular guidance molecules (ephrins, slits, netrins, semaphorins) subsequently initiate 3D vessel assembly and lumen formation. Last, molecules of the angiopoietin, PDGF, and TGF-β families regulate maturation and vascular remodeling.
Among the regulators of vessel maturation, angiopoietin-2 (ANG-2) has a particularly central role (1) . It functions as an autocrine-acting, EC-derived antagonistic ligand of the vessel maturation-and remodeling-controlling ANG-1/TIE2 signaling axis. As such, ANG-2, being almost exclusively produced by ECs, functions as a vessel-destabilizing molecule that facilitates the activities of other endothelial-acting cytokines (2, 3) . ANG-2 is presently among the most intensely explored target molecules for the development of second-generation antiangiogenic drugs (4) (5) (6) . Yet its molecular mechanism of action is poorly understood and largely inferred from the phenotype of genetic gain-of-function (GOF) and loss-offunction (LOF) experiments in mice.
ANG-1-and TIE2-deficient mice have largely complementary mid-gestational lethal phenotypes, resulting from defects in vascular remodeling and vessel maturation (7) (8) (9) . ANG-2-deficient mice have only mild blood vascular defects (2, 10) . In contrast, global overexpression of ANG-2 causes a phenotype that is reminiscent of ANG-1 or TIE2 deficiency (9, 11) . These genetic studies have established ANG-1 as the nonredundant agonistic TIE2 ligand, whereas ANG-2 is considered as the antagonist of ANG-1/TIE2 signaling. This concept has more recently been supported by genetic and biochemical studies establishing a role for EC-derived ANG-2 as negative regulator of TIE2 phosphorylation (12) .
Despite the genetically solidly established negative regulatory role of ANG-2 on TIE2, several studies have also suggested that ANG-2 may stimulate ECs. In contrast to the destabilizing roles of ANG-2 on resting ECs (13, 14) , ANG-2 has been shown to act as an antiapoptotic protective factor for stressed ECs (15) , which themselves are particularly strong producers of ANG-2 (16, 17) . Several groups have recently reported that the ANG-2-positive tumor endothelium harbors a subpopulation of ECs that do not express its receptor TIE2 (18) (19) (20) (21) (22) . These puzzling differential expression findings for ANG-2 and its receptor TIE2 raise provocative questions on pos-sible signaling roles of ANG-2 in the absence of TIE2. Intriguingly, a possible independence of ANG-2 from its receptor TIE2 has circumstantially been suggested by a recent tumor experiment that revealed more profound antitumor effects upon the targeting of ANG-2 compared with the targeting of its receptor TIE2 (6) .
Several reports published during the last 10 years have suggested that ANG-2 may bind to and activate integrins in non-ECs (e.g., fibroblasts, myocytes, as well as glioma and breast cancer cells) (23) . Integrins are heterodimeric cell surface molecules involved in cell matrix adhesion as well as outside-in and inside-out signaling (24) . The integrins α v β 3 , α v β 5 , and α 5 β 1 have been characterized as prototypic molecules of angiogenic ECs. Intriguingly, α v β 3 integrin has been shown to be expressed by TIE2-negative ECs (22) . ANG-2, in turn, has recently been reported to co-immunoprecipitate with α 5 β 1 integrin in ECs under TNF-α stimulation (4) . The differential expression pattern of TIE2 and angiogenic integrins in ECs led us to hypothesize that ANG-2 may differentially signal through its cognate receptor TIE2 and through integrins. This study demonstrates TIE2-independent, integrin-dependent functions of ANG-2 in angiogenic ECs. It thereby establishes a model for the contextdependent effects of ANG-2 acting as a vessel-destabilizing molecule in TIE2-expressing ECs and a directly proangiogenic molecule in TIE2-negative angiogenic ECs.
Results

ANG-2 blockade inhibits angiogenesis by interfering with the stalk and the tip cell phenotypes of ECs.
Genetic inactivation of ANG-2 in mice leads to persistent hyaloid vessels and perturbed retinal angiogenesis in postnatal mouse pups (2, 10) , indicating a role of ANG-2 in active angiogenesis and vessel remodeling and during vessel regression. In order to molecularly define the target cell population of ANG-2 during angiogenesis, we systemically treated newborn mice with the neutralizing ANG-2 antibody LC06 (25) (26) (27) and analyzed the effect on the postnatally growing retinal vasculature in 3D whole mounts (Supplemental Figure 1A for the experimental protocol; supplemental material available online with this article; doi:10.1172/JCI58832DS1). ANG-2 neutralization led to pronounced inhibition of centrifugal angiogenesis, characterized by an overall 40% reduction in retinal vessel area ( Figure 1 , A and B) and a significant reduction in vascular density ( Figure 1, C and D) . The complexity of the vascular network was markedly reduced, with a significant non-vascularized area in the center of the retinas (Figure 1 , E and F, green), significantly reduced number of junctional branch points ( Figure 1G ), and reduced total number of vessel segments ( Figure 1H ). The reduction in vessel branch points resulted in significantly longer vessel segments (average vessel segment length in control IgG treated pups, 28.7 μm vs. average vessel segment length in anti-ANG-2 antibody treated mice, 34.4 μm; Figure 1I ). Importantly, these effects were independent of the reduction in the total vessel area (Supplemental Figure 1 , B-D). ANG-2 neutralization did not just affect remodeling of central retinal blood vessels. It also affected the sprouting of tip cells at the edge of the growing retinal vascular network. (Figure 1J and Supplemental Figures 1E for 3D reconstruction model of the retina). Retinas in ANG-2 antibodytreated mouse pups had significantly reduced numbers of tip cells ( Figure 1K ) and fewer filopodia per tip cell ( Figure 1L ). To extend the tip cell phenotype of ANG-2 inhibition to another in vivo model of angiogenesis, we quantitatively assessed tip cells in subcutaneously growing Colo205 tumors. ANG-2 blockade led to a transient reduction in tumor growth ( Figure 1M ), similar to the recently reported transient reduction in tumor growth in genetically ANG-2-deficient mice (21, 28) . While control IgG-treated tumors had abundant numbers of tip cells ( Figure 1N ), ANG-2 antibody treatment resulted in significantly reduced numbers of intratumoral tip cells (Figure 1 , N and O; P < 0.05).
Endothelial tip cells downregulate TIE2 expression but strongly express ANG-2. The antiangiogenic effect of the ANG-2 antibody during retinal angiogenesis indicated a dual effect of ANG-2 blockade on outgrowing capillary sprouting (tip cell invasion) as well as on maturing vessel remodeling (stalk cell differentiation) during physiological and pathological angiogenesis. We therefore probed the expression of the receptor TIE2 in postnatal angiogenic and in adult quiescent retinas. ECs in the adult retina were uniformly positive for TIE2 (Figure 2A) . Correspondingly, remodeling stalk cells in the postnatal retina (P6) stained positive for TIE2 ( Figure 2B,  arrow) . Surprisingly, angiogenic ECs at the front of invading microvessels expressed barely detectable to negative levels of TIE2 (P6) ( Figure 2B , arrowheads), confirming previous reports of the existence of an EC subpopulation with low TIE2 levels in the angiogenic retina (16, 29) . Interestingly, the TIE2 downregulation was most prominent in filopodia-rich tip cells ( Figure 2B , arrowheads), whereas blunted ECs at the migrating front showed weak but detectable TIE2 expression ( Figure 2B , arrowheads with asterisks).
Extending the retinal expression profiling analyses, we next probed for the expression of TIE2 in the angiogenic intratumoral vasculature of human skin tumors and compared it with the expression of TIE2 in the subcutaneous vessels of the adult skin. Microvessels in the skin were uniformly positive for TIE2, whereas the pattern of TIE2 expression in the tumor vasculature was more heterogeneous, with a majority of TIE2-positive ECs, a smaller subpopulation of weakly TIE2-expressing ECs, and some ECs being completely TIE2 negative ( Figure 2C ). As a third in vivo model for the comparative analysis of TIE2 expression in angiogenic versus quiescent ECs, we analyzed TIE2 in an EC xenotransplantation assay in which a human microvascular network was engineered in immunocompromised mice by grafting human ECs in a 3D matrix (30, 31) . In this model, ECs in microvessels with a patent lumen were TIE2 positive, whereas ECs in non-lumenized vascular sprouts were TIE2 negative ( Figure 2D ).
The pattern of TIE2 hi and TIE2 lo ECs suggested an association of TIE2 downregulation during active angiogenesis, most notably with the phenotype of angiogenic tip cells. We therefore examined the effect of angiogenic cytokine activation on TIE2 expression in different cellular models of EC activation. FACS analysis of dissociated vascular networks of ECs growing in a 3D cellular model of angiogenesis (32) revealed significantly reduced levels of TIE2 expression during VEGF-induced angiogenic sprouting (Supplemental Figure 2, A and B) . Correspondingly, VEGF-stimulated sprouting angiogenesis was associated with reduced TIE2 mRNA content (Supplemental Figure 2C ). This effect was observed in collagen as well as in fibrin matrices and upon VEGF as well as bFGF stimulation (Supplemental Figure 2 , D and E). For 2D comparisons of the activated and the quiescent EC phenotype, we studied the expression of TIE2 in monolayers of ECs under angiogenic cytokine stimulation (VEGF, TNF-α, and ANG-2). While ANG-2 stimulation did not alter TIE2 receptor expression, VEGF or TNF-α stimulation resulted in the rapid downregulation of TIE2 cell surface presentation (Supplemental Figure 3, A-C) . In order to mimic an invasive front of ECs, we performed lateral scratch wound assays and compared TIE2 expression in unwounded areas with the expression in laterally migrating ECs (Figure 2 , E and F). While confluent ECs strongly expressed TIE2, laterally migrating ECs showed significantly reduced TIE2 expression ( Figure 2 , E and F). In order to characterize the phenotype of the TIE2-negative ECs in more detail, we next performed double-labeling FACS experiments with TIE2 and the established tip cell marker uPAR (16, 17) in confluent and subconfluent ECs (Figure 2, G and H) . Interestingly, the TIE2 -uPAR + EC subpopulation was significantly increased in subconfluent cells, indicating that TIE2 is selectively downregulated in tip cells.
The above experiments had indicated that TIE2 is a negatively regulated gene with constitutive expression by quiescent ECs and downregulated expression by angiogenic ECs. Based on these findings, we probed for expression of the TIE2 ligand ANG-2 in the developing retina. While TIE2 was downregulated in tip cells, ANG-2 expression was strongly upregulated by angiogenic tip cells, confirming and extending earlier studies on ANG-2-positive tip cells ( Figure 2I and refs. 16, 17) . Comparative analyses of ANG2 mRNA in confluent and subconfluent EC monolayers similarly revealed that the release of ECs from growth arrest was sufficient to dramatically upregulate ANG2 
Figure 2
Tip cells have weak TIE2, but strong ANG-2 expression. (A and B) TIE2 expression in lectin-and TIE2-double-stained retinas from adult mice (A) and postnatal mouse pups (B) (n = 3 each; arrows: TIE2-positive ECs; arrowheads: TIE2-negative ECs). (C) Specimen of human melanoma (n = 6) and healthy skin specimens (n = 3) were stained for CD34 and TIE2. The resting vasculature in the control specimen uniformly coexpressed TIE2 and CD34 (arrows, top row). In contrast, TIE2-positive (arrows) and TIE2-negative ECs (arrowheads) were detected in the vasculature of melanomas (bottom row). (D) Co-localization of CD34 and TIE2 in the spheroidal EC xenografting assay (30, 31) . Lumenized vessels stained positive for TIE2 (arrow indicating yellow co-localization; left). ECs in non-lumenized vascular structures stained for CD34 but not for TIE2 (arrowhead, right). Figure 4A) . Likewise, angiogenic activation of ECs in the spheroid sprouting assay by either VEGF or bFGF led to upregulation of ANG2 mRNA content (Supplemental Figure 4B ). Collectively, these data establish a reciprocal regulation of TIE2 and ANG-2 expression in sprouting tip cells compared with remodeling and maturing stalk cells as well as phalanx cells (TIE2 hi and ANG-2 lo in stalk cells; TIE2 lo and ANG-2 hi in tip cells). 
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ANG-2 induces EC migration in TIE2 lo
ECs. The observed effects of ANG-2 inhibition on sprouting and remodeling ECs during angiogenesis in combination with the reciprocal expression of TIE2 and ANG-2 during angiogenesis led us to hypothesize that ANG-2 may exert direct proangiogenic effects independent of TIE2. We therefore pursued stimulation experiments in control shRNA-transduced and TIE2 shRNA-silenced human ECs, which overexpressed ANG-2 by lentiviral or adenoviral transduction (Supplemental Figure 5 , A and B). A lateral scratch wound assay was employed for this purpose as a surrogate of the invading tip cell phenotype to study whether migration is affected by ANG-2 overexpression or TIE2 silencing. Silencing of TIE2 enhanced EC migration ( Figure 3 , A and B). Similarly, adenoviral overexpression of ANG-2, mimicking the autocrine-acting overexpression by angiogenic ECs, led to a significant enhancement of EC migration (Figure 3, A and B) . Intriguingly, though, the strongest effect on EC migration was observed when TIE2 expression was silenced and ANG-2 expression was simultaneously upregulated (Figure 3, A and B) .
To shed further light on the relationship among EC migration, TIE2 expression, and ANG-2 expression, we pursued single-cell migration assays and quantified cell migration by measuring the net distance that migrating cells had traveled as well as the persistence of cell movement (33) . Both quantitative approaches revealed a significant stimulatory effect of autocrine ANG-2 on EC migration (Figure 3 , C-E). As expected as a consequence of downregulated TIE2 expression by subconfluent ECs, single-cell migration experiments in TIE2-silenced ECs did not further enhance ANG-2-stimulated EC migration (Figure 3 , C-E).
Coordinated activation of the monomeric GTPases of the Rho family, e.g., activation of Rac1 in response to migratory stimuli, is a hallmark of migrating cells. Pull-down assays were therefore performed to measure Rac1 activity in TIE2 lo ECs and control ECs with and without autocrine overexpression of ANG-2. In line with the observed stimulatory effect of ANG-2, Rac1 was detected in its activated GTP-bound form in ANG-2-overexpressing ECs (Figure 3 , F-H). Importantly, the ANG-2-induced Rac1 activation was further increased by the loss of TIE2.
The above findings were all compatible with a direct effect of ANG-2 on EC migration. Yet to exclude that any of the observed cellular findings may have resulted indirectly, we studied possible effects of ANG-2 on EC apoptosis or necroptosis (Supplemental Figure 6 , A-D). Interestingly, ANG-2 overexpression resulted in a significant reduction in EC necrosis that was independent of TIE2 expression (Supplemental Figure 6D) . The number of apoptotic ECs did not change (Supplemental Figure 6C) . To study whether, conversely, ANG-2 inhibition would directly affect survival, apoptosis, or necrosis in TIE2 hi or TIE2 lo ECs, we tested the effect of the ANG-2 neutralizing antibody on EC survival (Supplemental Figure 6 , E-H). Confirming previous studies on the non-cytotoxicity of the ANG-2 antibody (26), treatment did not impair cell survival (Supplemental Figure 6F) , necrosis (Supplemental Figure  6H ), or apoptosis (Supplemental Figure 6G) . These findings suggest that the protective effect of ANG-2 on ECs is mediated in an intracellular autocrine manner, as has previously been inferred from cellular experiments (13, 14) .
ANG-2 induces sprouting angiogenesis and phosphorylates the integrin adaptor protein FAK (Tyr397) in TIE2 lo ECs. Based on the observed tip cell inhibitory phenotype of the ANG-2 neutralizing antibody and the induction of TIE2 lo EC migration by ANG-2, we next examined the hypothesis that ANG-2 may directly induce sprouting angiogenesis of TIE2-negative EC. Toward this end, we employed a spheroidal in vivo angiogenesis assay, in which ex vivo GOF or LOF manipulated HUVECs are xenografted in immuno-
Figure 4
ANG-2 overexpression enhances vascular network formation of TIE2 lo ECs. (A) Vessel network formation of control transduced and TIE2-silenced ECs cotransduced with control lentivirus (p-Ctrl) or lentiviral ANG-2 (p-ANG-2) in the Matrigel xenografting assay was analyzed as described previously (30, 31) . Sections (50 μm) were stained for CD31 and analyzed by Fiji software for mean vessel density (B), branch points (C), junctions (D), and vascular tips (E). Red bars indicate sh-Ctrl/p-Ctrl; yellow bars, p-ANG-2/sh-Ctrl; blue bars, p-Ctrl/sh-TEK; green bars p-ANG-2/sh-TEK ECs (*P < 0.05; mean ± SEM; n ≥ 3). Scale bars: 70 μm. compromised mice to give rise to a complex vascular network (30, 31) . Grafting of HUVECs with silenced TIE2 expression and ANG-2 overexpression did not result in major changes in the mean vessel density (Figure 4, A and B ). Yet network complexity was dramatically altered, with significantly more branch points and blind-ending vascular sprouts (Figure 4 , C-E, and Supplemental Figure 7 for 3D visualization). Notably, the combination of ANG-2 overexpression and TIE2 silencing resulted in a filopodia-rich tip cell phenotype, which was not observed in the control groups (Supplemental Videos 1 and 2).
Next, we aimed at characterizing the molecular signaling mechanisms of ANG-2-induced TIE2-independent EC tip cell sprouting. Previous work had shown that ANG-2 stimulated EC destabilization of TIE2-expressing resting ECs involved Ser910 phosphorylation of the integrin adaptor protein FAK (14) . When performing the same experiment with TIE2-silenced ECs, we surprisingly saw that ANG-2 stimulation of TIE2 lo ECs resulted in FAK phosphorylation at Tyr397, establishing that the absence or presence of TIE2 in ECs resulted in differential FAK phosphorylation upon ANG-2 stimulation ( Figure 5, A, and B) . Figure 1A for details), followed by staining for CD31 and p-FAK (Tyr397). Images were taken with z-stack and tilt confocal microscopy. The retinal endothelium strongly expressed p-FAK (Tyr397) (see Supplemental Figure 8B and Supplemental Video 3). Images were assessed with the colocalization function of Imaris 7.2.3. Scale bars: 300 μm for overview (I and K) and 50 μm for higher-magnification images (J and L).
In order to study whether the ANG-2-mediated FAK (Tyr397) phosphorylation in TIE2 lo ECs could also be detected in vivo, we performed high-resolution p-FAK (Tyr397) expression analyses in the spheroid xenotransplant angiogenesis assay employing ANG-2 GOF and TIE2 lo HUVECs. p-FAK (Tyr397) was weakly detectable in control grafted vascular networks ( Figure 5C ). In turn, grafting of ECs with silenced TIE2 expression and simultaneous ANG-2 overexpression induced pronounced phosphorylation of FAK (Tyr397) ( Figure 5, D-F) . Importantly, p-FAK (Tyr397) was most abundantly detectable in sprouting, non-lumenized ECs ( Figure 5, C-F) .
Complementing the xenografting experiments, we employed the cornea pocket assay as a second in vivo angiogenesis model. ANG-2 alone did not induce vascular sprouting (Supplemental Figure 8A) , and low concentrations of VEGF (80 ng) similarly induced only a weak angiogenic response ( Figure 5G and Supplemental Figure 8A ). Yet the combination of low VEGF and ANG-2 induced a robust angiogenic response ( Figure 5H and Supplemental Figure 8A ). High-resolution immunofluorescence revealed most pronounced detection of p-FAK (Ty397) in blind-ending tip cells (Supplemental Video 3).
As (23, (34) (35) (36) (37) . Recently, similar findings have been reported for ECs (38) . While the binding of ANG-2 by integrins appears to be solidly established, no work has been done so far to unravel the functional relevance in regulating EC behavior. The experiments performed in this study had indicated a direct proangiogenic effect of ANG-2 on TIE2 lo ECs, which involved the integrin adaptor protein FAK. We therefore decided to systematically study the binding of ANG-2 to EC-expressed integrins with a focus on those integrins that contribute to shaping the angiogenic EC phenotype (39) .
Adhesion assays of ECs on immobilized ANG-2 in the presence or absence of neutralizing integrin antibodies revealed binding of ANG-2 to α v β 3 , α 5 β 1 , and β 1 integrins ( Figure 6A ). The employed antibodies against the α 1 , α 2 , and α 5 integrin subunits or the α v β 5 integrin heterodimer had no effect on EC adhesion to the ANG-2 matrix ( Figure 6A ). As α v β 3 , α v β 5 , and α 5 β 1 integrins can partly
Figure 6
ANG-2 binds αvβ3, αvβ5, and α5β1 integrins. (A) Antibody blocking of HUVEC adhesion to an immobilized ANG-2 matrix. HUVECs were preincubated with the indicated antibodies to integrin monomers and heterodimers (Cocktail: combination of αvβ3, αvβ5, and α 5 β 1 integrin antibodies), followed by adhesion to an ANG-2 matrix for 40 minutes. Non-adherent cells were removed, and adherent cells were visualized with crystal violet. Color intensities were measured at 550 nm. Antibodies against αvβ3, α5β1, and β1 integrin led to a significant inhibition of HUVEC adhesion to the ANG-2 matrix. Two different β1 antibodies achieved similar results (*P < 0.05 versus IgG; n = 4). (B and C) Control transduced ECs and TIE2-silenced ECs cotransduced with control lentivirus or lentiviral ANG-2 were grown to confluence. Immunoprecipitation for αvβ5 and α5β1 or control IgG was performed, followed by SDS-PAGE and detection of ANG-2 by Western blot analysis (upper blots). The membranes were stripped and probed for expression of the integrin monomer (lower blots). The intensity was measured by ImageJ, and the mean of at least 3 independent experiments was calculated. ND, not determined. (D-F) Interaction of ANG-2 with αvβ5 (D), α5β1 (E), and αvβ3 (F) in a cell-free co-immunoprecipitation assay. Samples were immunoprecipitated with the indicated integrin antibodies, and co-immunoprecipitation of ANG-2 was probed by Western blotting.
compensate for each other (40) , a cocktail against all three integrins was also applied. The strongest adhesion-blocking effect was exerted with the mixture of α v β 3 , α v β 5 , and α 5 β 1 integrin antibodies ( Figure 6A ). Based on these findings, we performed direct ANG-2/integrin co-immunoprecipitation experiments with TIE2 lo ECs overexpressing ANG-2 ( Figure 6 , B and C). ANG-2 directly associated with α 5 β 1 and α v β 5 integrins in ECs ( Figure 6 , B and C). Immunoprecipitation of α v β 3 did not reveal direct binding of ANG-2 in this cellular setting. In order to determine whether ANG-2 can directly associate with α v β 5 and α 5 β 1 integrins without involvement of adaptor proteins, we performed immunoprecipitation experiments in a cell-free system ( Figure 6 , D and E). ANG-2 directly associated with α v β 5 and α 5 β 1 integrins ( Figure 6 , D and E). As α v β 5 integrin and α v β 3 integrin are structurally similar and express redundant binding sites, binding studies were also performed with α v β 3 integrin and ANG-2 in this cell-free system ( Figure 6F ). Indeed, ANG-2 directly associated with α v β 3 integrin ( Figure 6F ).
Hypoxia and an acidic environment accompany the early steps of angiogenesis. Therefore, we performed binding experiments at physiological and acidic pH ( Figure 7A ). These ELISA-based binding studies confirmed the results of the immunoprecipitation experiments and showed that the three integrins bound to ANG-2 with similar affinity ( Figure 7A ). Yet in contrast to ANG-2/TIE2 binding, the association between ANG-2 and the integrins required an acidic environment ( Figure 7A) . However, the affinity of integrin binding to ANG-2 was significantly lower than the binding to TIE2 even at low pH ( Figure 7A) . Integrin binding and activation may induce ANG-2 binds to αvβ3, αvβ5, and α5β1 integrins with lower affinity than TIE2 receptor. (A) ELISA quantification of ANG-2 adhesion to TIE2 or integrins at physiological pH or in an acidic environment. ANG-2 bound in an acidic environment with significantly higher affinity to TIE2 compared with the integrin heterodimers (*P < 0.05; n = 3). (B-D) HUVEC monolayers were stimulated with Mn 2+ or ANG-2. The integrin conformation was studied with β1 integrin active conformation antibodies (HUTS-21, 9EGF) (40, 41) . The mean intensity was determined and the relative conformation expression quantified (n = 3). In contrast to Mn 2+ stimulation, ANG-2 did not induce conformational changes in β1 integrins. HUVECs were preincubated with the indicated integrin heterodimer antibodies (cocktail: combination of αvβ3, αvβ5, and α5β1 integrin antibodies), followed by adhesion to ANG-2. Adherent cells were visualized with crystal violet. Antibodies against αvβ3, α5β1, and the integrin cocktail inhibited HUVEC adhesion to the ANG-2 matrix to baseline levels in TIE2 lo ECs (*P < 0.05; n = 3).
conformational changes in the integrin. Two antibodies are commercially available for study of β 1 integrin conformation (HUTS-21 and 9EGF) (41, 42) . We therefore performed FACS experiments to study whether ANG-2 stimulation induces β 1 integrin conformational changes (Figure 7, B-D) . While Mn 2+ stimulation strongly enhanced the active conformation of β 1 integrins, ANG-2 stimulation of ECs did not induce β 1 integrin conformational changes (Figure 7, B-D) .
The inserted-like (I-like) domain of integrins is essential for integrin-ligand binding (43) . A metal-ion-dependent adhesion site (MIDAS) is localized in the center of the I-like domain. Consequently, divalent cations allow α MIDAS and/or β MIDAS ligand binding to integrins. To examine a possible involvement of integrin MIDAS binding sites in ANG-2 binding, we performed adhesion assays in the presence or absence of the cation Mn 2+ . Titration of matrix-bound ANG-2 in the EC adhesion assay revealed an adhesion-promoting effect of Mn 2+ , as evidenced by a shift in the affinity curve ( Figure 7E) . Together, the inability of ANG-2 to induce a conformational integrin change upon binding and the observed shift of the affinity curve upon Mn 2+ activation strongly argue that ANG-2 activation of integrins occurs at sites of active integrin expression as in angiogenic tip cells (39) .
Integrins α v β 3 , α v β 5 , and α 5 β 1 are arginine-glycine-aspartic acid (RGD) integrins interacting with the RGD binding motif in extracellular matrix molecules such as fibronectin and vitronectin.
Figure 8
ANG-2-induced enhancement of VEGF sprouting and FAK (Tyr397) phosphorylation require αvβ3, αvβ5, and α5β1 integrins. (A) Spheroid sprouting assay with shRNA control ECs or lentivirally silenced TIE2 ECs in the presence of control IgG or the integrin antibody cocktail against αvβ3, αvβ5, and α5β1 (Integrin AB). Spheroids were stimulated with VEGF, ANG-2, or a combination of both, and the cumulative sprout length was quantified (*P < 0.05; n = 3). (B) Effect of ANG-2 on p-FAK (Tyr397) activation. Control and TIE2-silenced HUVECs were preincubated with the αvβ3, αvβ5, and α5β1 integrin antibody cocktail and adhered with or without Mn 2+ to ANG-2-coated dishes (BSA, negative control; fibronectin, positive control). Blots of adherent and non-adherent cell lysates were probed for TIE2, p-FAK (Tyr397), and total FAK. Dotted boxes mark the effect of integrin blockage on ANG-2-induced p-FAK (Tyr397) (lane 10 versus 11) (ImageJ quantitation; n = 3; 1-tailed Student's t test, *P < 0.05). (C) Spheroid sprouting was induced by ANG-2 and VEGF with IgG control or integrin blocking antibody cocktail in TIE2-silenced ECs. Spheroids were stained for p-FAK (Tyr397) and visualized together with lentiviral GFP by confocal microscopy. (D) The cornea pocket assay was performed with IgG control or αvβ3, αvβ5, and α5β1 antibody blockage. Angiogenesis was induced with ANG-2 and VEGF. The combination of ANG-2 and VEGF induced sprouting in the IgG control and FAK phosphorylation at Tyr397 (upper panel, arrows with asterisk). In contrast, integrin blockage inhibited sprouting and p-FAK (Tyr397) activation (arrow) (white dotted line marks corneal limbus). A higher-magnification image is shown in the inset. Scale bars: 30 μm.
Yet RGD-independent binding sites have been described (44) . We therefore examined the ability of ANG-2 to interfere with fibronectin or vitronectin binding ( Figure 7F ). ANG-2 stimulation of ECs inhibited binding neither to fibronectin nor to vitronectin, implying that the ANG-2 integrin binding site is an RGD-independent domain. Interestingly, ANG-2 stimulation significantly promoted EC binding to fibronectin but not to vitronectin.
In order to investigate the binding of ANG-2 to α v β 3 , α v β 5 , and α 5 β 1 integrins in the absence of its cognate endothelial receptor TIE2, we next studied the adhesion of lentivirally silenced TIE2 lo ECs to immobilized ANG-2. These experiments revealed a more pronounced adhesion-blocking effect of the α v β 3 and α 5 β 1 antibodies in the absence of TIE2 ( Figure 7G ). The combination of α v β 3 , α v β 5 , and α 5 β 1 integrin antibodies reduced adhesion of TIE2 lo ECs to background levels ( Figure 7G ), implying that TIE2 and the integrins α v β 3 , α v β 5 , and α 5 β 1 act as the 4 main receptors for ANG-2 in ECs.
TIE2 lo ECs express α v β 3 , α v β 5 , and α 5 β 1 integrins during angiogenesis. The integrins α v β 3 , α v β 5 , and α 5 β 1 have previously been associated with the angiogenic EC phenotype (39) . We consequently probed the expression of these integrins in the different models of TIE2 hi and TIE2 lo ECs employed in this study. All three integrins were detected in subconfluent and confluent ECs on the mRNA as well as on the protein level (Supplemental Figure 9) . Likewise, mRNA content for the α v , α 5 , β 1 , and β 3 subunits as well as the α v β 3 , α v β 5 , and α 5 β 1 protein heterodimers was detected on ECs in the spheroid sprouting angiogenesis assay (Supplemental Figure 10 , A-C). Expression levels of these integrins did not change significantly during angiogenic activation. Furthermore, the expression was not altered in lentivirally silenced TIE2 lo ECs (Supplemental Figure  10D) . Importantly, while the integrins were weakly expressed to barely detectable in microvessels of the adult skin (Supplemental Figure 11, A-C) , all three integrins were prominently expressed in TIE2 lo ECs in human melanoma specimens (Supplemental Figure 11 , D-F). β 1 Integrin expression has recently been reported in tip cells of the developing retina (16) and a recent publication indicates that α 5 β 1 is strongly expressed by angiogenic tip cells (45) . Consistent with these findings, we detected α v β 3 integrin expression by all ECs in the vascular plexus of the developing retina (Supplemental Figure 11 , G-I). These findings confirm previous reports of an association of α v β 3 , α v β 5 , and α 5 β 1 expression with the angiogenic EC phenotype (39) and establish the counterregulatory expression of TIE2 and the integrins α v β 3 , α v β 5 , and α 5 β 1 on quiescent and angiogenically activated ECs (as recently shown for α v β 3 integrin; ref. 22) . ANG-2-induced enhancement of VEGF sprouting and FAK (Tyr397) phosphorylation requires α v β 3 , α v β 5 , and α 5 β 1 integrins. ANG-2 stimulation of TIE2 lo ECs resulted in an angiogenic EC phenotype characterized by vascular sprouting, EC migration, and FAK (Tyr397) phosphorylation (Figures 3-5) . At the same time, ANG-2 directly associated with the three angiogenic integrins, α v β 3 , α v β 5 , and α 5 β 1 , with weaker affinity compared with TIE2 (Figures 6 and 7) . Therefore, we next studied ANG-2-induced angiogenic effects for the requirement of α v β 3 , α v β 5 , and α 5 β 1 integrins in the spheroid sprouting angiogenesis assay. Corresponding to the results of the combined VEGF/ANG-2 stimulation experiments in the cornea pocket assay (Supplemental Figure 8A) , ANG-2 enhanced sprouting angiogenesis of low VEGF-induced spheroid sprouting ( Figure 8A , bar 4 vs. 2). This enhancing effect could be completely blocked with the ANG-2 neutralizing antibody (Supplemental Figure  12) . The enhancing effect of ANG-2 on VEGF-induced sprouting angiogenesis was independent of TIE2, as it was also observed in TIE2-silenced ECs ( Figure 8A, bar 10 vs. 8) . Importantly, the ANG-2 effect could be blocked with the antibody cocktail against the integrins α v β 3 , α v β 5 , and α 5 β 1 ( Figure 8A , bar 6 vs. 4 and bar 12 vs. 10).
Next, we examined whether the observed effect of p-FAK (Tyr397) is integrin dependent. Toward this end, we performed comparative integrin signaling experiments in TIE2 hi and TIE2 lo ECs. Adhesion of TIE2 lo ECs to an immobilized ANG-2 matrix led
Figure 9
Model of the contextual bifunctional effects of ANG-2 during angiogenesis. (A) Quiescent resting ECs express TIE2. EC activation leads to secretion of Weibel-Palade body-stored ANG-2 and strong transcriptional ANG-2 upregulation. ANG-2 interferes with ANG-1-induced TIE2 activation to destabilize the resting EC monolayer and primes it to respond to exogenous cytokines. Endothelial destabilization is at least in part mediated by ANG-2/TIE2/integrin complex formation, which subsequently leads to FAK phosphorylation at Ser910, as well as integrin internalization and degradation (14) . Thus, among the effects of ANG-2, the antagonistic mode of action predominates in resting ECs. (B) Angiogenic activation has a negative effect on EC TIE2 expression. As a result, angiogenic tip cells are TIE2 low or negative, whereas remodeling stalk and phalanx cells express TIE2. Conversely, expression of the integrins αvβ3, αvβ5, and α5β1 is upregulated on angiogenic ECs. In the absence of TIE2, ANG-2 directly binds and activates integrins, which are in their conformationally active state in angiogenically activated ECs. Integrin activation induces FAK phosphorylation at Tyr397, Rac1 activation, and EC migration. As a result, the combination of differential receptor expression and affinity controls the net outcome of ANG-2 signaling. This allows ANG-2 to control different steps of the angiogenic cascade in a bifunctional manner.
The β I-like domain is only accessible when the integrin is expressed in its high-affinity conformation (49) , suggesting that the ANG-2/integrin link requires the active conformation of the integrins. This is also supported by the recent report demonstrating ANG-2 binding to α 5 β 1 integrin only when the β 1 subunit is expressed in its high-affinity conformation (38) .
ANG-2 induces FAK (Tyr397) phosphorylation and sprouting and migration of TIE2 lo ECs. This activating phenotype is in sharp contrast to the effect of ANG-2 in TIE2-expressing ECs. ANG-2 binding of TIE2 in resting ECs leads to the formation of an ANG-2/TIE2/integrin complex with FAK (Ser910) phosphorylation and subsequent focal adhesion disassembly as well as integrin endocytosis and degradation (14) . Moreover, integrin function during angiogenesis itself is also highly complex and contextual. It is critically regulated by dosage effects (e.g., as shown for α v β 3 and α v β 5 ; ref. 50) , and compensatory mechanisms also play a role (40) . Yet a proangiogenic function of the ANG-2/integrin interaction is supported not only by the preferential tip cell expression of ANG-2 binding integrins and the pro-migratory effects in cellular models, but most importantly by the tip cell phenotype-inhibiting effects of ANG-2 blockade during angiogenesis in vivo.
In summary, the present study provides a model that accounts for the complexity of ANG-2 functions during angiogenesis ( Figure 9 ). It explains direct proangiogenic effects of ANG-2 by binding of integrins. These are expressed by invading and migrating tip cell ECs, which themselves downregulate TIE2 expression. In turn, stalk and phalanx cells during vascular remodeling and differentiation engage in ANG-1/TIE2 signaling, which ANG-2 impacts in an antagonistic, destabilizing manner. As such, ANG-2 can be considered as a double-edged sword, controlling angiogenesis in a bivalent manner depending on the absence or presence of TIE2.
Methods
Materials. See Supplemental Experimental Procedures for details and sources of recombinant proteins, antibodies, and cells employed in this study.
Studies with clinical specimens. Clinical specimens of malignant melanoma were obtained from Jochen Utikal from the Department of Dermatology, Venerology and Allergology, Medical Faculty Mannheim, Heidelberg University.
Animal experiments. The genetic background of all mice used was C57BL/6. The human xenograft endothelial assay was performed as described previously (30, 31) .
Lentiviral and/or adenoviral transduction. See Supplemental Experimental Procedures for details or lentiviral and adenoviral transduction protocols.
Pull-down analysis. Double-transduced HUVECs were grown subconfluent to 70%-80% on fibronectin-coated wells. Cells were lysed with GST-FISH buffer (50 mM Tris-HCl, 150 mM NaCl, 4 mM MgCl2, 10% glycerine, 1% Igepal CA 630) and precleared by centrifugation. Thereafter, activated Rac1-GTP was precipitated with sepharose-bound purified GST fusion proteins containing the Rac-binding domain of PAK1. After separation by 15% SDS-PAGE, the amount of activated and total Rac1 was analyzed by immunoblotting.
Adhesion assay. Adhesion assays were performed in a flat-bottom 96-well plate format (Costar, no. 3595). ANG-2, which had been reconstituted according to the manufacturer's instructions, was used for coating of the wells. The wells were either coated with ANG-2 diluted in PBS overnight at 4°C or with fibronectin for 1 hour at 37°C. After coating, the wells were blocked in PBS plus 3% BSA (heat-inactivated; 37°C; 30 minutes) and finally washed 3 times with PBS and kept in PBS until cells were prepared for the assay. Cells were suspended in EBM plus 0.1% BSA at a concentration of 10 6 cells. If cells were preincubated with, e.g., antibodies, they were suspended in EBM plus 0.2% BSA with or without 2 mM MnCl2. The antibodies were diluted in EBM, and equal volumes of cells and antibody solution were mixed. Cells were plated at 50,000 cells or 50 μl per well and allowed to adhere (37°C; 5% CO2; 40 minutes). Wells were washed with PBS once to remove non-adherent cells. Adherent cells were stained with 50 μl crystal violet (0.1% in H2O; 5 minutes; room temperature). Crystal violet was removed, and wells were allowed to dry following 3 washes before 100 μl methanol was added per well. Color intensity was measured at 550 nm. Fibronectin-coated (100 μg/ml) and uncoated wells (blocking only: BSA controls) were used as positive and negative adhesion controls, respectively.
Adhesion assay and Western blot analysis. Adhesion assays were performed as described above. PBS (100 μl) containing 500 μM orthovanadate was added to the wells, and unattached cells were removed and collected by centrifugation (5 minutes; 400 g; 4°C) and lysed in lysis buffer. Adherent cells were incubated with 60 μl SDS sample buffer containing 500 μM orthovanadate and 1% (v/v) protease inhibitor mix (SERVA; 5 minutes; room temperature). Finally, the pellets from unattached cells and the lysis solution from attached cells were pooled. Discontinuous 10% SDS-PAGE was performed, followed by Western blotting.
ANG-2 integrin binding in ECs.
ECs with lentivirus-mediated overexpression of ANG-2 and silenced for TIE2 receptor were allowed to grow to confluence in 10-cm dishes. Medium was not changed at least 3 days prior to cell lysis. Cells were lysed with 1.0 ml NP40 buffer (1 M Tris-HCl, 5 M NaCl, 2 ml NP40 dilution, 250 mM EDTA, 20 ml glycerine, protease inhibitor cocktail [SERVA] in H2O), and immunoprecipitation was performed with the indicated antibody (2 μg/) with G-sepharose overnight at 4°C. The immunoprecipitate was centrifuged for 2 minutes at 1,000 g, washed 3 times with PBS, boiled with 5× sample buffer, and analyzed by SDS-PAGE and Western blotting.
ANG-2 integrin binding Western blot analysis in a cell-free system. Purified undiluted integrin protein (5 μl), 30 μl ANG-2 (10 μg/ml), and 2 μg of the corresponding integrin antibody were incubated with G-sepharose in 1.0 ml NP40 buffer (1 M Tris-HCl, 5 M NaCl, 2 ml NP40 dilution, 250 mM EDTA, 20 ml glycerine, protease inhibitor cocktail [SERVA] in H2O) overnight at 4°C. ANG-2 incubated with IgG antibody or ANG-2, integrin, and IgG antibody were used as controls. The immunoprecipitate was centrifuged for 2 minutes at 1,000 g, washed 3 times with PBS, boiled with 5× sample buffer, and analyzed by SDS-PAGE and Western blotting.
ANG-2 integrin binding ELISA. Equal amounts of TIE2 and integrin per well were used for the coating of F-bottom, medium binding ELISA plates (Greiner; overnight at 4°C). Heat-inactivated BSA (3% in 50 μl bicarbonate buffer [0.08 g Na2CO3, 0.14 g NaHCO3 in 50 ml distilled H2O]) was used as control. Wells were washed intensely with PBS (containing 1 mM Mn 2+ ) and blocked with freshly dissolved heat-inactivated 1% casein with 1 mM Mn 2+ for 120 minutes at room temperature. After intense washing with TBS at the indicated pH, biotinylated ANG-2 (400 ng/ml) was applied for 2 hours in TBS at the indicated pH, 1 mM Mn 2+ , 1 mM Ca 2+ , and proteinase inhibitor and incubated overnight. Wells were washed 3 times with TBS (with 1 mM Mn 2+ , 1 mM Ca 2+ ). Samples were subjected to 2.5% glutaraldehyde fixation for 10 minutes, followed by intense washing with TBS (Mn 2+ , Ca 2+ ). Streptavidin-HRP (Zymed, Invitrogen) was added for 45 minutes at room temperature. After 3 washes with NP40 buffer, an ELISA kit (BD OptEIA) was applied, and chemiluminescence was measured at 405 nm.
Spheroid-based sprouting assay. HUVECs were suspended in 80% ECGM/20% Methocel medium and plated in droplets of 25 μl and 400 cells. After the spheroids were harvested with 10% FCS in PBS, they were centrifuged (300 g; 5 minutes), the supernatant was removed, and the spheroids were resuspended in 80% Methocel and 20% FCS. An equal volume of collagen mixture (1:2 in 0.1% acetic acid; 1× Medium 199; 50 mM HEPES; neutralized with 0.2 M NaOH) was added prior to pouring the spheroid suspension into 24-well plates. The gels were allowed to solidify (37°C; 30 minutes). If required, VEGF was added at a concentration of 50 ng/ml. Next, spheroids were incubated to allow sprouting angiogenesis (37°C; 5% CO2; 24 hours).
Digestion of spheroids for flow cytometric analysis. All experimental steps were performed on ice. Spheroid-containing gels were diluted and solubilized with an equal volume of PBS and pooled into 15-ml Falcon tubes. For washings, the Falcon tubes were filled completely with PBS and centrifuged (300 g; 5 minutes; 4°C). Supernatants were removed without disruption of the soft layer of the gel. Washings were repeated 3 times in order to remove FCS components in the gel. A collagenase digestion mixture (125 U/ml collagenase I [Sigma-Aldrich], 125 U/ml collagenase II [Biochrom], 50 μg/ml Liberase TM [Roche], 1 U/ml dispase [Roche]) was added to the gel and incubated (300 g; 5 minutes; 4°C). After centrifugation (300 g; 5 minutes; 4°C) and removal of the supernatants, trypsin was added to the spheroids and incubated (37°C; 200 g; 3 minutes). The reaction was stopped by addition of cold FACS buffer (10% FCS, 1% NaN3 in PBS). The single-cell suspension was incubated in FACS buffer (4°C; 10 minutes).
Flow cytometric analysis. Cells were transferred into U-shaped-bottom 96-well plates at a density of 100,000 cells per well. Cells were incubated with primary antibodies against TIE2, integrins, mouse IgG, or goat IgG diluted in FACS buffer (10% FCS, 1% NaN3 in PBS; 30 minutes; 4°C; 50 μl per well). After washing with FACS buffer, secondary and isotype control antibodies in FACS buffer were incubated for 15 minutes at 4°C and in the dark. Cells were washed twice with FACS buffer prior to measurement. Cells were gated to exclude dead cells, debris, and cell aggregates. Median fluorescence intensity values were used for data analysis.
Scratch wound assay. Virally transduced HUVECs were grown to confluence on fibronectin-coated (5 μg/ml in PBS; 1 hour; 37°C) glass slides (Labtek). The scratch was manually set with the tip of a pipette. For time-lapse video microscopy with periods of observation for 18 hours, a Cell Observer microscope (Zeiss) was used. Pictures were taken every 15 minutes.
Single-cell migration assay. Glass slides (16-well; Labtek) were coated with fibronectin (5 μg/ml in PBS; 1 hour; 37°C). To achieve sufficient ANG-2 concentrations, the supernatant from a confluent monolayer of double-transduced HUVECs was taken prior to the migration experiment and stored on ice. The double-transduced cells were suspended in ECGM complete medium (5,000 cells/ml), and 150 μl was added per well. Cells were allowed to adhere for 2 hours. The cell density after adhesion was about 5%-10% confluence. In order to guarantee sufficient ANG-2 in the medium to elicit a migratory response, ECGM complete was exchanged with the cells' supernatants (see above). The supernatants themselves were tested for ANG-2 expression by ELISA. Cells were observed for 20-24 hours with intervals between frames of 8-10 minutes by time-lapse video microscopy.
Automated cell tracking and data refinement. See Supporting Experimental Procedures for details on the automated cell tracking protocols (Supplemental Table 1 ).
TIE2 ± CD34/CD31 ± integrin ± FAK (Tyr397) staining protocol and retinal immunohistochemical studies. See Supplemental Experimental Procedures for details on retina sample processing and details of TIE2, CD34, and integrin single, double, and triple stainings.
ANG-2 in situ hybridization and collagen immunohistochemistry studies. See Supplemental Experimental Procedures for details on retina sample processing and details.
Statistics. Data are presented as mean ± SD unless otherwise indicated. Differences between experimental groups were analyzed by 2-tailed Student's t test if not otherwise specified. A P value less than 0.05 was considered statistically significant.
Study approval. Studies with melanoma specimens were approved by the local ethic committee (Medizinischen Ethik-Kommission II, UMM; 2009-350N-MA), with written informed consent received from donors. All animal procedures were approved by the local government authorities (Regierungspräsidium Karlsruhe, AZ 35-9185-81/G-15-07 and /G-77-06).
